Cells have evolved quality control pathways to prevent the accumulation of improperly localized proteins, which are often toxic. One of these pathways, regulation of aberrant protein production (RAPP), recognizes aberrant secretory proteins during translation and degrades the associated mRNA. Here, we demonstrate endogenous RAPP substrates. Haploinsufficiency of the secretory protein progranulin (GRN) is associated with the neurodegenerative disease frontotemporal lobar degeneration (FTLD). Our results show FTLD-associated GRN mutations W7R and A9D disrupt co-translational interaction with a targeting factor, signal recognition particle (SRP). This triggers RAPP and initiates specific mRNA degradation. Conversely, wild-type GRN and the naturally occurring polymorphism V5L GRN are efficiently expressed and secreted. Thus, RAPP plays a role in the molecular pathology of A9D GRN and W7R GRN.
INTRODUCTION
A typical secretory protein contains an N-terminal signal sequence, which is recognized by the targeting factor SRP (signal recognition particle) and directed to the endoplasmic reticulum (ER) membrane for translocation (von Heijne, 1985; Walter et al., 1981) . SRP is recruited during translation, once the signal sequence emerges from the ribosomal tunnel, and is the critical first step for secretion (Walter et al., 1981) .
SRP recruitment is also critical for stability of the mRNA being translated; if the integrity of a signal sequence is compromised and the secretory protein fails to recruit SRP during translation, the associated mRNA is selectively degraded. This quality control process, termed RAPP (regulation of aberrant protein production), thus protects the cell from accumulating aberrant protein products, which might aggregate or misfold (Karamyshev et al., 2014; Popp and Maquat, 2014) . The molecular mechanism of RAPP is largely unknown, but data supported a model that mutant secretory proteins that fail to recruit SRP come into close proximity of Ago2, which is required for efficient mutant mRNA degradation (Karamyshev et al., 2014) . However, to date, endogenous RAPP substrates have not been reported. Here, we explore disease-linked signal sequence mutations in the secretory protein progranulin (GRN) as potential RAPP substrates.
A single loss-of-function GRN mutation results in GRN haploinsufficiency and the neurodegenerative disease FTLD (frontotemporal lobar degeneration) Gass et al., 2006) . The function of GRN is unclear; however, GRN −/− patients develop the lysosomal storage disease NCL (neuronal ceroid lipofuscinosis), suggesting GRN promotes lysosomal function (Almeida et al., 2016; Smith et al., 2012) .
Of the ~100 unique GRN polymorphisms reported in FTLD patients, three are within the signal sequence: V5L; W7R; and A9D (Horaitis et al., 2007) . Of these, only A9D GRN has been established as a cause of FTLD. GRN haploinsufficiency in patients carrying the A9D GRN mutation has been demonstrated (Finchet al., 2009) ; moreover, A9D GRN is found in families and segregates with disease (Mukherjee et al., 2006) . In contrast, the impact of V5L and W7R on GRN secretion and function is unclear, and genetic linkage to FTLD has not been established (Le Ber et al., 2008; López de Munain et al., 2008) .
We hypothesized that the A9D mutation, which disrupts GRN secretion, prevents SRP recruitment and triggers RAPP. We further hypothesized that the effect of the V5L and W7R mutations on GRN secretion predicts whether RAPP is triggered. The data presented here demonstrate the far-reaching implications of the recently discovered protein quality control pathway, RAPP, on human disease.
RESULTS

GRN Variants W7R and A9D Alter Interaction with the Targeting Factor SRP
While signal sequences are highly variable, all contain a central, hydrophobic "H" domain (von Heijne, 1981 (von Heijne, , 1985 . Both W7R GRN and A9D GRN introduce a polar amino acid into the "H" domain, dramatically altering local hydrophobicity ( Figure 1A ). Thus, these substitutions would be predicted to disrupt SRP recruitment whereas the conservative GRN V5L substitution would not.
To test this prediction, we used site-specific photocrosslinking in vitro (Etchells et al., 2005; Karamyshev et al., 2014; Krieg et al., 1986; Nilsson et al., 2015) . With this method, truncated mRNAs are translated in vitro to create a pool of ribosomes with a set length of exposed nascent chain ( Figure 1B) . Nascent chains contain a photocrosslinking probe, which after UV irradiation forms a covalent bond to proteins in close proximity. Photocrosslinking adducts are detected by the shift in electrophoretic mobility of the radiolabeled nascent chain (schema, Figure 1B ). For further details, see Experimental Procedures.
In vitro translation reactions containing 66-codon, 86-codon, and 132-codon wild-type (WT) GRN mRNAs produced nascent chains of the expected length; all three nascent chains formed an adduct with a ~50-kDa protein consistent with SRP54, the SRP subunit that binds signal sequences (Figures 1C and S1A; Karamyshev et al., 2014; Krieg et al., 1986; Nilsson et al., 2015; Walter and Blobel, 1983) .
To confirm the identity of the band, we compared the photo-crosslinking pattern of 86 WT GRN (86-codon WT GRN) to that of 86 WT PPL (86-codon WT preprolactin). We have previously shown that 86 WT PPL efficiently crosslinks to SRP54 when the reaction is supplemented with purified SRP (Karamyshev et al., 2014) . The SRP54 adduct in the 86 WT PPL reaction migrates identically to the ~50-kDa adduct in the 86 WT GRN reaction ( Figure S1A ). Notably, substitutions A9D or W7R in the GRN nascent chain inhibited photo-crosslinking to SRP54, demonstrating that these mutant proteins did not recruit SRP ( Figure 1C) . However, the V5L GRN photocrosslinking pattern was indistinguishable from WT GRN, demonstrating that V5L GRN does not disrupt SRP recruitment.
The two other strong bands seen on the gel are unlikely to be true adducts (~100 kDa and ~46 kDa), as their migration pattern is unchanged in the 66-, 86-, and 132-codon WT GRN reactions ( Figure S1A ). These bands likely originate from the translational lysate or the [ 35 S]methionine labeling, as has been previously observed (Jackson and Hunt, 1983) .
Secretion of W7R and A9D GRN Is Impaired
We next assessed GRN secretion and localization using western blotting and immunofluorescence of HeLa cells transfected with either WT GRN, V5L GRN, W7R GRN, or A9D GRN. WT GRN and V5L GRN, which efficiently recruit SRP, were detected both in whole-cell lysate and in media of transfected cells ( Figure 1D) . Immunofluorescence of transfected cells demonstrated intracellular WT and V5L GRN; WT GRN was shown to colocalize with ER and Golgi (Figures 1E, S1B, and S1C). In contrast, we did not detect W7R and A9D GRN in transfected cells with either western blotting or immunofluorescence, despite adequate expression of the transfection control GFP ( Figures  1D, 1E , S1B, and S1C).
However, several other groups have reported intracellular A9D GRN (Li et al., 2018; Mukherjee et al., 2008) . To improve detection, we generated flag-tagged WT and A9D GRN, which were detected using a Flag antibody. The flag tag did not disrupt WT GRN localization ( Figure S1D ). However, unlike untagged A9D GRN, Flag A9D GRN generated a punctate signal ( Figure S1D ). These puncta looked grossly similar, regardless of whether the Flag tag was within the protein sequence (replacing one of the 7.5 repeated GRN domains; Bateman and Bennett, 1998) or at the C terminus (data not shown), suggesting the puncta represent fully translated GRN.
W7R GRN and A9D GRN mRNA Levels Are Decreased Relative to WT GRN and V5L GRN
We hypothesized that disrupting SRP recruitment triggers GRN mRNA degradation. To test this, we compared steady-state mRNA levels of WT and V5L GRN, which recruit SRP, and W7R and A9D GRN, which do not. We performed GRN qPCR in HeLa cells transfected with four GRN overexpression constructs, normalizing to the transfection control GFP ( Figure 2A ). Despite comparable transfection efficiency, GRN mRNA levels segregated into two groups. mRNA levels of efficiently secreted GRN variants, WT GRN and V5L GRN, were high, whereas mRNA levels of variants that cannot efficiently recruit SRP, W7R GRN and A9D GRN, were ~70% lower ( Figure 2A ).
A9D GRN mRNA Degradation Is Specific and Transferable to Chimeric mRNAs
To distinguish between decreased transcription of mutant mRNA and increased degradation of mutant mRNA, we assessed mRNA turnover. HeLa Tet-OFF cells were transfected with constructs containing WT or A9D GRN behind a tetracycline responsive promoter. 20 hr after transfection, cells were treated with doxycycline to inhibit GRN transcription, and GRN qPCR was performed at 0, 1, 4, and 8 hr. As expected, GRN A9D mRNA levels were reduced compared to WT at time 0 ( Figure 2B, inset) . GRN A9D mRNA was degraded faster than WT, with significantly reduced mRNA levels at 4 and 8 hr ( Figure 2B ). To rule out nonspecific degradation, GRN mRNA turnover was assessed in cells co-expressing WT GRN and A9D GRN. The percent of GRN WT mRNA remaining after 8 hr of transcriptional inhibition was unchanged in the presence of GRN A9D mRNA and vice versa ( Figure 2C ), consistent with mutant-specific mRNA degradation. Sequence-specific primers did not cross-amplify ( Figure S2A ). However, A9D GRN amplification was less efficient than WT GRN amplification, leading to underestimation of A9D GRN in a mixture. To correct for this, A9D GRN mRNA levels were normalized using the experimentally derived 0.709 ( Figure S2B ).
To determine whether the A9D signal sequence is sufficient to trigger mRNA degradation, two fusion proteins were constructed: the signal sequence of PPL was replaced by either the WT or A9D GRN signal sequence (referred to as WT GRN-PPL or A9D GRN-PPL). Chimeric proteins were expressed in cultured cells, and GRN-PPL mRNA was assessed using qPCR with PPL-specific primers. A9D GRN-PPL mRNA levels were significantly reduced compared to those of WT GRNPPL, suggesting that a mutant signal sequence is sufficient to trigger mRNA degradation ( Figure 2D ).
SRP Protects WT GRN mRNA from Degradation
The mRNA levels of four GRN variants correlated with the ability of the translating nascent chain to recruit SRP. To determine whether SRP was required for differential mRNA stability, mRNA levels were assessed in control or SRP54 small interfering RNA (siRNA)-treated cells. In control cells, W7R and A9D GRN mRNA levels were reduced compared to WT. However, in SRP54 siRNA-treated cells, W7R and A9D GRN mRNA levels were unchanged whereas WT and V5L GRN mRNA levels were significantly depleted ( Figure  3A ). As expected, WT GRN protein levels were also reduced in SRP54 siRNA-treated cells ( Figure 3C ).
Next, GRN WT and GRN A9D mRNA turnover were assessed in control or SRP54 siRNAtreated cells. Consistent with earlier results, A9D GRN mRNA levels were significantly reduced compared to WT GRN at 4 and 8 hr in control siRNA-treated cells ( Figure 3B ). However, there was no significant difference at these time points in SRP54 siRNA-treated cells ( Figure 3B ). Together, these results suggest SRP recruitment is critical for WT GRN mRNA stability.
Mutant mRNA Degradation Is Translation Dependent
To assess the role of translation in mutant mRNA degradation, transfected HeLa cells were treated with the elongation inhibitor cycloheximide (CHX). Unlike vehicle-treated cells, in CHX-treated cells, W7R GRN and A9D GRN mRNA levels were restored to WT GRN mRNA levels ( Figure 3D ). Effective translation inhibition was confirmed by western blotting for GRN ( Figure 3E ).
Based on these results, we conclude that W7R GRN and A9D GRN are RAPP substrates, whereas V5L GRN is not. Because the signal sequence is generally cleaved in the ER (von Heijne, 1983) , secreted V5L GRN is likely identical to secreted WT GRN. Thus, we predict that V5L GRN is a benign polymorphism, whereas W7R GRN, like A9D GRN, disrupts GRN secretion and causes FTLD.
Ago2 Does Not Play a Role in A9D GRN mRNA Degradation
Original studies of RAPP uncovered a role for Ago2 in mutant mRNA degradation (Karamyshev et al., 2014) . To determine whether this role is preserved, GRN mRNA turnover was assessed in HeLa Tet-OFF cells treated with either control or Ago2 siRNA. As seen previously, A9D GRN mRNA is rapidly degraded compared to WT GRN mRNA; A9D GRN mRNA levels are significantly reduced at both 4 and 8 hr ( Figure S3A ). However, there was no significant difference in WT GRN mRNA turnover between cells pretreated with control versus Ago2 siRNA ( Figure S3A ). Similarly, A9D GRN mRNA turnover was unchanged in Ago2 siRNA-treated cells ( Figure S3A ).
Additionally, we used Myc-Ago2 constructs to assess the effect of Ago2 overexpression on GRN mRNA turnover. Again, A9D GRN mRNA turnover was rapid compared with WT GRN mRNA turnover, with significantly less A9D GRN mRNA remaining at both the 4-and 8-hr time points ( Figure S3B ). However, WT GRN mRNA turnover was not significantly different in cells expressing Myc-Ago2 ( Figure S3B ). A9D GRN mRNA turnover was similarly unchanged with Myc-Ago2 overexpression ( Figure S3B ). Western blotting confirmed both Ago2 knockdown and Myc-Ago2 overexpression ( Figure S3C ).
A9D GRN Triggers RAPP in Patient-Derived Fibroblasts
To assess RAPP in a disease-relevant system, we obtained GRN +/A9D fibroblasts from an FTLD patient (genotype confirmed by sequencing; Figure 4A ). First, we compared steady-state levels of WT GRN with A9D GRN mRNA. We used peak height on sequencing tracings as a semiquantitative measure of DNA. In the genomic DNA tracing, WT and A9D peaks were of similar height; however, in the cDNA tracing (prepared from mRNA), the WT peak was far larger than the A9D peak, consistent with the previous report . We also performed qPCR on untreated fibroblasts with WT and A9D-specific primers (validated in Figure S2 ). By this method, after normalization, only ~6% of the GRN mRNA in the patient fibroblasts is A9D ( Figure 4B ). Together, these results demonstrate that A9D GRN mRNA is significantly underrepresented in patient fibroblasts.
Next, GRN qPCR was performed on fibroblasts treated with either vehicle or CHX. Whereas WT GRN mRNA levels showed little response to CHX treatment, A9D GRN mRNA levels increased ~8-fold over 48 hr ( Figure 4C ). After 48 hr of CHX, the ratio of A9D GRN:WT GRN had also changed significantly, from ~0.10 to ~0.68.
Finally, we assessed GRN mRNA in fibroblasts infected with either virus containing SRP54 short hairpin RNA (shRNA) or control virus containing non-targeting shRNA. WT GRN mRNA levels were dramatically reduced in cells infected with SRP54 shRNA, to ~45% of those infected with control virus ( Figure 4D ). However, levels of A9D mRNA did not differ significantly between the two conditions ( Figure 4D ). Because most of the GRN mRNA is WT, we also expected reduced total GRN mRNA in SRP54 shRNA-treated cells. Indeed, total GRN mRNA levels were similarly reduced in SRP54 shRNA-treated cells (~47% of level in control cells; Figure S4A ). SRP54 knockdown was confirmed with SRP54 qPCR, which demonstrated a significant reduction in cells treated with SRP54 shRNA (~22% of SRP54 mRNA in control cells; Figure S4B ). Thus, our major findings in the overexpression system were conserved in patient fibroblasts: underrepresentation of A9D GRN mRNA is dependent on translation and SRP54.
DISCUSSION
Here, we provide evidence that RAPP plays a role in the pathophysiology of human diseases caused by signal sequence mutations. However, some results have forced us to re-examine our model of RAPP. We originally conceived of secretory mRNA stability as dependent on the balance between two nascent chain interactors: SRP and Ago2 (Karamyshev et al., 2014) . However, we found that whereas SRP depletion affected GRN mRNA turnover, Ago2 knockdown and overexpression did not. Perhaps Ago2 only plays a role in a subset of RAPP substrates that has not yet been defined. Additionally, our model does not explain the increase in WT GRN mRNA in CHX-treated cells. This may reflect that WT GRN fails to interact with SRP at a high rate. Alternatively, this may represent the influence of a unique translation-dependent regulatory pathway. Finally, we originally described that mutant secretory proteins that triggered RAPP were not detectable (Karamyshev et al., 2014) . However, through the use of a flag tag, we detected a punctate A9D GRN signal, which other groups have observed colocalizes with stress markers (Liet al., 2018; Mukherjee et al., 2008) . We concluded that the use of Flag-tagged A9D GRN improved detection both due to an absence of background and higher affinity antibody. However, we cannot exclude the possibility this punctate signal is an artifact of the flag tag. Moreover, the punctate signal may be an artifact of overexpressing A9D GRN; RAPP machinery may be overwhelmed by mutant secretory mRNAs, which can escape degradation but are then sequestered into stress granules. However, it is tantalizing to speculate that the punctate signal represents a true RAPP intermediate, especially given the characteristic protein aggregates seen in FTLD.
The extent of the role RAPP plays in the molecular pathogenesis of the A9D GRN mutation is unclear. Does the continuous generation of aberrant protein products use up RAPP factors, reducing the capacity of the cell to handle additional proteotoxic stress? If this were true, one might expect A9D GRN to have a more severe phenotype than other loss-of-function GRN mutations. However, there is only modest evidence to support this. In a study limited by small sample size, A9D GRN carriers were found to have a lower age of disease onset and a lower age of death compared with patients carrying other GRN mutations (ChenPlotkin et al., 2011).
Our demonstration of an endogenous RAPP substrate, A9D GRN, confirms the physiological relevance of this quality control pathway. We anticipate that RAPP plays a role in many disparate genetic diseases. Additional signal sequence mutations predicted to disrupt SRP recruitment include the L15R mutation in UGT1A1, which causes CriglerNajjar type II (Seppen et al., 1996) , and the L25R mutation in COL5A1, which causes Ehlers-Danlos (Symoens et al., 2009) ; these both substitute a polar amino acid for the WT hydrophobic residue. This study of A9D GRN reveals a mechanism of molecular pathology that likely underlies multiple genetic diseases.
EXPERIMENTAL PROCEDURES Cell Lines and Drug Concentrations
HeLa Tet-ON (Clontech), HeLa Tet-OFF (Clontech), and A9D GRN patient fibroblasts (ND40082; obtained from NINDS Human Genetics Resource Center DNA and Cell Line Repository; https://www.coriell.org/1/ninds) were used.
For several experiments, HeLa Tet-ON cells were used for continuity, but doxycycline induction was not used. In these cases, we refer to these cells as "HeLa" in the manuscript to avoid confusion. Cell lines have been further specified in Supplemental Experimental Procedures.
Cycloheximide 50 μg/mL was used for 24 hr in HeLa Tet-ON and 10 μg/mL for indicated time in A9D GRN fibroblasts. Doxycycline 1 μg/mL was used for indicated time in HeLa Tet-OFF.
Plasmids, Lentivirus, and siRNA GRN cDNA was obtained from DNASU (HscD00022612) and subcloned into the following vectors: pBI-CMV2 AcGFP (Clontech Laboratories) and pTRE2-hyg (Clontech). Lentiviral particles were purchased from Sigma, both control (SHC002V) and SRP54 shRNA (TRCN0000278368).
Control siRNA was purchased from Ambion. SRP54 and Ago2 siRNAs were synthesized by Dharmacon. For siRNA sequences, plasmid details, and details of shRNA and siRNA experiments, see Supplemental Experimental Procedures.
In Vitro Translation and Site-Specific Photocrosslinking
DNA fragments for in vitro transcription were generated as before by standard PCR techniques, then transcribed in vitro using SP6 RNA polymerase, and then purified using QIAGEN RNeasy Mini kit (Flanagan et al., 2003) .
In vitro translation and site-specific photocrosslinking were conducted in rabbit reticulocyte system (Etchells et al., 2005; Karamyshev et al., 2014) . EANB-[ 14 C]Lys-tRNA amb for photocrosslinking experiments was prepared as described earlier (Flanagan et al., 2003) or was purchased from tRNA Probes. Samples were analyzed by electrophoresis in the gradient 4%-15% SDS-PAGE and autoradiography.
Western Blots, Immunofluorescence, and Antibodies WT, V5L, W7R, and A9D GRN expression and secretion were assessed by western blotting and immunofluorescence of transiently transfected HeLa Tet-ON cells. Immunofluorescence images were obtained on a Nikon Eclipse TE2000-U with NIS Elements software, using 60× objective. Subcellular localization of GRN was assessed with immunofluorescence of HeLa Tet-OFF cells transiently expressing GRN variants (pTRE hyg2) and an ER marker, mcherry-KDEL (Chang et al., 2013) or Golgi marker, CFP-Golgi (Clontech). Images were captured with LSM 880 laser scanning confocal microscope (Zeiss). Plan Apochromat 63×/1.4 numerical aperture (NA) oil objective was used.
For sample preparation and antibodies, please see Supplemental Experimental Methods.
Statistical Analysis
All statistical analyses were performed using SigmaPlot 12.0 software. Statistical method, n, and p value are indicated within the figure legends.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Highlights
•
Mutations in progranulin that prevent its secretion cause FTLD
• FTLD-linked A9D progranulin cannot recruit the trafficking factor SRP • Inability to recruit SRP prevents secretion and triggers A9D mRNA degradation , A9D GRN mRNA levels normalized using factor 0.709 (see Figure S2B for derivation of normalization factor).
